INTRODUCTION

44
Visuospatial attention deficit is one of the most common symptoms in patients with localized 45 brain damage, especially those with right hemisphere lesions (Pedersen et al. 1997; Buxbaum et al. 46 posterior parietal cortex (PPC) and dorsolateral prefrontal cortex (DLPFC) regions, have been 48 reported to participate in visuospatial attention (Appelros et al. 2002; Giesbrecht et al. 2003; 49 Oliveri et al. 1999; Xu et al. 2010) , the interaction of these different regions in visuospatial 50 attention is unclear (Corbetta and Shulman 2011) . 51
Visuospatial attention is generally distinguished among three relatively independently 52 components, namely the alerting, orienting and executive control networks (Posner and Petersen 53 1990; Wang et al. 2005; Fan et al. 2002) . Each functional component activates distinct but 54 overlapping areas (Fan et al. 2007; Fan et al. 2009 ). It is commonly believed that interhemispheric 55 competing connectivity plays a key role in the efficient control of spatial attention by FPNs 56 (Vuilleumier et al. 1996) . There are several physiological indicators supporting the notion of 57 hemispheric rivalry. For example, asymmetry of parietal interhemispheric connections between 58 the PPC of the right hemisphere and left hemisphere has been demonstrated in healthy subjects 59 (Koch J Neurosci. 2011). In addition, right ventral FPN damage has been reported to cause spatial 60 neglect probably through affecting the normal functions of dorsal FPNs (Corbetta and Shulman 61 2002; Corbetta et al. 2005) . Previously, we used a continuous theta burst stimulation (cTBS) 62 protocol to examine the interactions among the FPNs in visuospatial attention. We found that both 63 intrahemispheric and interhemispheric competitive inhibition in dorsal FPNs may be highly 64 associated with the dysfunction of spatial attention (Xu et al. 2013) , suggesting that hypoactivityin unilateral hemisphere lesions might evoke pathological hyperactivity in the contralateral 66 homologous cortical regions via interhemispheric rivalry. Although the spatial neglect after 67 unilateral hemispheric lesions was reported to lead to pathological hyperactivity of contralateral 68
hemisphere circuits due to release from rivalry (Sack 2009; Sack et al. 2005; Hilgetag et al. 2001; 69 Dambeck et al. 2006) , it is not clear whether the hyperactivity of unilateral hemisphere can also 70 lead to inhibition of the contralateral site. Given that intermittent theta burst stimulation (iTBS) is 71 capable of producing a lasting increase in cortical excitability, we hypothesize that iTBS over the 72 contralateral homologous cortex may induce the hypoactivity of the right PPC through 73 with the handle pointing forwards, parallel to the midline, in the PPC group. The TBS protocol 110 developed by Huang et al. (2005) can produce bi-directional changes in cortical excitability in 111 healthy subjects. The continuous TBS usually induces a persistent decrease, whereas the iTBS 112 produces a persistent increase in cortical excitability (Cárdenas-Morales et al. 2011; Mastroeni et 113 al. 2013) . The iTBS paradigm consisted of three continuous pulses delivered at a frequency of 50 114
Hz every 200 ms and lasted 2 s (total 10 bursts, 30 pulses) with an interval of 8 s. The stimuli 115 intensity was set to 80% of rest motor threshold (RMT) (Cazzoli et al. 2009; Wu et al. 2012) . For 116 iTBS, stimulation (total of 600 pulses) was applied for 192 s. 117
Participants sat comfortably in an armchair. We placed the surface recording electrode on the 118 right abductor pollicis brevis muscle, and the reference electrode on the other side. The 119 motor-evoked potential (MEP) recording was carefully measured during the stimulation. At 120 resting state, the coil was positioned 4cm left of center on the head. The stimulus intensity was 121 initially sub-threshold and then gradually increased until the right abductor pollicis brevis muscle 122 was obviously induced. Next the coil was moved in 1 cm increments, until the optimal location 123 that induced the greatest amplitude and shortest latency of MEP was defined. This point of 124 maximum evoked motor response was generally located in the primary motor area (M1). The 125 RMT was defined as the minimal stimulation capable of inducing a MEP with amplitude greater 126 than 50 μV peak-to-peak in at least 5 out of 10 trials. 127
Behavioral study. We used the ANT task to measure the effects of iTBS of the dorsal FPNs 128 on reaction times and spatial attention network efficiency (Fan et al. 2002) . The ANT paradigm 129 contained four cue conditions (none, center, double and spatial cues) and three target types (single, 130 congruent and incongruent flankers). Throughout the entire experiment, a fixation cross waspresented in the center of a black background. The cue was specified as an asterisk, and was at the 132 same location as the fixation cross in the center cue condition. No asterisk appeared in the null-cue 133 condition. Moreover, the asterisk was presented at 5° of vertical visual angle in the double and 134 spatial cue conditions. The spatial cues were always the valid cue conditions indicating that the 135 target would appear at the same location. In addition, flanker stimuli consisted of one or a row of 136 five horizontal white lines with arrowheads pointing to the left or right. A single arrow subtended 137 0.58° of visual angle, and the contours of adjacent arrows or lines, were separated by 0.06° of 138 visual angle. The stimuli subtended a total of 3.27°. The target was presented in one of two 139 locations, 1.06° above or below the fixation cross. The three different target types were equally 140 distributed in trials containing each of the different cue conditions. 141
Each train contained five events. A fixation cross was first presented for 400 ms at the onset 142 of each trial, followed by a warning cue for 100 ms. Following a short fixation period of 400 ms, a 143 target was presented alternatively either above or below the fixation cross. The target immediately 144 disappeared after a response was recorded, but the time window for participants' responses was no 145 longer than 1700 ms. Finally, the fixation cross was presented a third time to remind subjects of 146 the next trial. Each trial persisted for 4000 ms on average. 147
The ANT was carried out in a dimly lit, quiet room. Stimuli were presented using E-prime 148 experimental software on a 17-inch Lenovo computer monitor. The participants were positioned 149 65cm from the screen. They were asked to carefully identify the direction of the centrally 150 presented flanker and to press the left button of a mouse for the left direction and the right button 151 for the right direction as quickly and accurately as possible. It took approximately 30min to finish 152 four blocks of 312 trains, including one preliminary block of 24 trials (subjects received feedbackabout accuracy of responses after each trial) and 3 formal blocks of 288 trials (no feedback given). 154
Moreover, each formal block contained 96 test trials (4 cue conditions × 2 target locations × 2 155 target directions × 3 flanker types, with two repetitions). Subjects were given a rest for 3-5 min 156 between each formal block. 157
Trial with incorrect response, or with reaction times longer than 1500 ms (including missing 158 responses) or shorter than 200 ms, was deleted (Fan et al. 2009 ). Moreover, data from subjects 159 with >20% total errors in any or all sessions were excluded from analysis (Rueda et al. 2005) . 160
Values for attention network efficiency were calculated from the raw reaction time data as 161 previously described (Fan et al. 2002) . RTs were computed individually for the four cue × three 162 target conditions. The average of these 12 conditions was the individual mean RT. conditions). Additionally, the efficiency ratio of each attention component is equal to the rate of 168 the efficiency value and individual overall average RT. After the weighted processing by overall 169 average RT, the network efficiency ratio is not only more stable, but more accurate to indicate the 170 functional status of the attention network. 171
Neuropsychological background tests 172
All subjects completed the behavioral questionnaires (including comfort, fatigue, anxiety, 173 mood, irritation and pain) before stimuli conditioning, and after any one sham or real iTBS session. 174
Each rating was made on a seven-point Likert scale ranging from -3 to 3, with -3 indicating thehighest negative level and 3 indicating the highest positive level for each parameter. 176
Statistics analysis 177
For each subject, the behavior scores, mean RTs, and efficiency scores of attention 178 components were recorded or calculated in each iTBS condition. The behavior scores were 179 analyzed using ANOVA with repeated measure. For the mean RT, and accuracy rates and effect 180 scores across the various conditions, a mixed-design three-way ANOVA was performed with two 181 within-subject factors (presence of iTBS delivery and side of iTBS conditioning), and with one 182 between-subject factor (group of stimulus site). In brief, each subject in this experiment randomly 183 two-tailed test, the significance level was determined as p<0.05. Analysis data were subjected to 190 ANOVA with repeated measures, using the Greenhouse-Geisser correction. Subsequently, the 191 simple effect analysis was used if the interaction effect between two of the factors within a subject 192 was significant, and simple effect analysis was performed if the interaction between the 193 multi-factors was significant. 194
195
RESULTS
196
All subjects tolerated iTBS conditioning without side effects and performed the ANT task 197
well. 198
Neurobehavioral results 199
In order to eliminate the potential behavioral changes on the results induced by the iTBS 200 delivery over PPC or DLPFC, behaviors including comfort, fatigue, anxiety, mood, irritation and 201 pain were evaluated using a 7-point Likert scale. All subjects completed all iTBS condition trials. 202
There were no significant differences in behavioral ratings among different conditions, both in the 203 PPC group (Table 1 ) and in the DLPFC group (Table 2) Fig. 4a , the efficiency was significantly improved after the RR-PPC iTBS compared 261 with the SR-PPC iTBS (t = 2.47, p < 0.05) in the alerting networks. Similarly, efficiency was 262 significantly improved after the RR-DLPFC iTBS compared with the SR-DLPFC iTBS (t = 2.17,p < 0.05). Moreover, there was a significant difference between the RL iTBS and RR iTBS, both 264 in the PPC group (t = 2.32, p < 0.05) and in the DLPFC group (t = 3.77, p < 0.01). In the orienting 265 networks (Fig. 4b) , the efficiency was significantly improved in the RR-PPC iTBS compared with 266 the SR-PPC iTBS (t = 2.57, p < 0.05). In contrast, it was significantly impaired in the RL-PPC 267 iTBS compared with the SL-PPC iTBS (t = 3.31, p < 0.01). However, there was no significant 268 difference between the real DLPFC iTBS and the sham DLPFC iTBS (RL vs. SL t = 0.76, p = 269 0.45; RR vs. SR t = 0.32, p = 0.75). There was a significant difference between the RL-PPC iTBS 270 and the RR-PPC iTBS (t = 4.45, p < 0.001), but no significant difference between the RL-DLPFC 271 iTBS and the RR-DLPFC iTBS (t = 1.08, p = 0.28). In addition, the orienting effect index was 272 significantly lower in the RL-PPC iTBS than in the RL-DLPFC iTBS (t = 2.81, p < 0.01), but 273 significantly higher in the RR-PPC iTBS when compared to the RR-DLPFC iTBS (t = 2.79, p < 274 0.01). Fig. 4c illustrates that the executive efficiency was significantly improved in the 275 RR-DLPFC iTBS compared with the SR-DLPFC iTBS (t = 3.54, p < 0.01) and the RR-PPC iTBS 276 (t = 2.16, p < 0.05). However, there was no significant difference between the real and sham iTBS 277 to either the right PPC (t = 0.1, p = 0.94) or left PPC (t = 1.94, p = 0.06). 278
The ratio of attention network efficiency after iTBS 279
The efficiency ratio of each visuospatial attention network component was analyzed using a 280 mixed-model ANOVA with the group (DLPFC vs. PPC) as the between-subject factor, and the 281 type (sham vs. real) and side (left vs. right) of stimulation as the within-subject factors. The 282 statistical analysis revealed a significant interaction between these factors, both in the orienting 283 network (F = 12.31, p < 0.01) and in the executive network (F = 4.7, p < 0.05), but no significant 284 interaction in the alerting network (F = 0.09, p = 0.76). However, there was significant interactionbetween the type and side of iTBS (F = 8.12, p < 0.01) in the alerting network. Furthermore, the 286 type of iTBS had a significant main effect in both the alerting network (F = 7.38, p < 0.01) and the 287 executive network (F = 6.98, p < 0.05), but not the orienting network (F = 0.00, p = 0.99). In 288 addition, the side of iTBS had a significant main effect in the alerting network (F = 9.74, p < 0. respectively. As shown in Fig. 5a , the efficiency ratios were significantly improved in the RR-PPC 300 iTBS compared with SR-PPC iTBS (t = 2.42, p < 0.05), and in the RR-DLPFC iTBS compared 301 with SR-DLPFC iTBS (t = 3.33, p < 0.01) in the alerting networks. Moreover, there were 302 significant differences between the RL iTBS and RR iTBS both in the PPC group (t = 2.45, p < 303 0.05) and in the DLPFC group (t = 3.36, p < 0.01). In the orienting network (see Fig. 5b ), the 304 efficiency ratio was significantly improved in the RR-PPC iTBS compared with in the SR-PPC 305 iTBS (t = 2.56, p < 0.05). In contrast, it was significantly reduced in the RL-PPC iTBS compared 306 with the SL-PPC iTBS (t = 3.48, p < 0.01). However, there was no significant difference between 307 the real iTBS DLPFC and the sham iTBS DLPFC (RL vs. SL t = 0.91, p = 0.37; RR vs. SR t = 308 0.35, p = 0.73). There was a significant difference between the RL-PPC iTBS and the RR-PPC 309 iTBS (t = 4.92, p < 0.001), but no significant difference between the RL-DLPFC iTBS and the 310 RR-PPC (t = 1.37, p = 0.18). In addition, the orienting efficiency ratio was significantly lower in 311 the RL-PPC iTBS when compared to the RL-DLPFC iTBS (t = 3.33, p < 0.01), but significantly 312 higher in the RR-PPC iTBS when compared to the RR-DLPFC iTBS (t = 2.95, p < 0.01). Fig. 5c  313 illustrates that the efficiency ratio was significantly improved in the RR-DLPFC iTBS compared 314 with the SR-DLPFC iTBS (t = 3.1, p < 0.01) in the executive control network. However, there 315 was no significant difference between the real and sham iTBS to either the right PPC (t = 0.39, p = 316 0.7) or left PPC (t = 1.89, p = 0.06). 317
Right PPC and right DLPFC iTBS significantly increased the efficiency of the alerting 318 network, but left PPC and left DLPFC iTBS did not (Fig. 6) . Moreover, right PPC iTBS 319 significantly improved, while left PPC iTBS significantly weakened the efficiency of the orienting 320 network. Similarly, right DLPFC iTBS, but not left DLPFC, drastically increased the efficiency of 321 the executive network. 322
323
DISCUSSION
324
In the present study, we found that the PPC and DLPFC areas of the right dorsal FPNs were 325 distinctly and predominantly involved in spatial attention components. Moreover, iTBS over 326 contralateral homologous areas significantly suppressed the function of the right dorsal FPNs, 327 suggesting the interhemispheric competition between the visuospatial attention regions of the two 328 hemispheres. All subjects tolerated conditioning stimuli without any obvious iTBS-related sideeffects such as headache, pain, discomfort, or irritation. Thus, such potential confounding factors 330 to our findings can be ruled out. 331
The interhemispheric competition is a normal neurophysiological property. Therefore, spatial 332 attention dysfunction might result from the imbalance of competitive inhibition between the 333 homologous regions of two hemispheres (Sack et al. 2005; Dambeck et al. 2006; Kirton et al. 334 2008) . Consistent with this idea, we previously showed that the interhemispheric competition 335 effect is highly associated with the dysfunction of spatial attention (Xu et al. 2013) . Recently, 336 hyperactivity in the cerebral cortex was reported to be associated with the brain dysfunction in 337 attention deficit hyperactivity disorder and epilepsy (Walcott and Landau 2004; McDonald et al. 338 2013; Wu et al. 2012) . However, it is not clear whether the hyperactivity in one hemisphere can 339 suppress the activity in the other hemisphere through transcallosal competition. Furthermore, it is 340 still controversial whether the recovery of attention deficit is due to the powerful neural 341 compensatory ability or the restoration of the interhemispheric balance (Naeser et al. 2005) . The 342 data on interhemispheric competition is largely based on a hypoactive model in healthy humans 343 with a "virtual lesion" induced by non-invasive suppressive stimulation (Sparing et al. 2009 ). The 344 facilitatory iTBS, a novel non-invasive stimulation, has been widely applied to modulate the motor 345 cortical activity through alteration of the brain excitability. Consistent with previous studies 346
showing that the right dorsal FPNs were preferentially associated with spatial attention in right 347 handed subjects (Xu et al. 2010; Karnath et al. 2004; Mesulam 1999; Gitelman et al. 1999; 348 Shimozaki et al. 2006) , we found that the right PPC iTBS significantly improved the efficiency of 349 spatial orienting. However, contrary to the general notion that facilitating the excitability of 350 targeted brain regions would be commonly associated with brain function enhancement,facilitation of the left PPC by iTBS significantly reduced the spatial orienting efficiency. This 352 paradoxical phenomenon could be due to the competitive inhibition between two hemispheres 353 (Lomber et al. 2002; Sprague 1966; Kinsbourne 1994) . Based on the competitive theory, 354 hyperactivity of left PPC induced by iTBS will lead to the interhemispheric imbalance between 355 two hemispheres, which in turn results in hypoactivity of the right PPC. Alternatively, the 356 transcallosal effects of TMS may explain this paradoxical phenomenon. However, it seems 357 unlikely that the effects were due to the distant spread of cortical excitability induced by iTBS, as 358 the localized iTBS effects could not be matched to remote effects. By combining the inhibitory 359 research and excitatory studies, we conclude that the transcallosal competitive balance might be a 360 fundamental component to sustain or restore normal spatial attention. In our previous study, we 361 found that there is interhemispheric competition between the different FPN regions, not only in the 362 orienting network, but also in the alerting and executive networks (Xu et al. 2013 ). However, the 363 present study did not reveal a similar interhemispheric inhibition either in the DLPFC for the 364 executive network or in the DLPFC/PPC for the alerting network. One possibility could be that 365 iTBS-induced facilitation may be less efficient than cTBS-induced inhibition. Alternatively, this 366 could be due to the difference in interhemispheric connectivity between the DLPFC and the PPC. 367
Additionally, the interpretation of the present data should be cautious, because the present study 368 only presented indirect evidence of competitive interaction between brain regions. Therefore, 369 further studies are needed to systematically clarify this issue. 370
In conclusion, deficits of spatial attention function after unilateral brain damage was not only 371 associated with decreased cortical excitability of the affected hemisphere, but also associated with 372 increased cortical excitability of the unaffected hemisphere (Oliveri et al. 1999; Dambeck et al. 373 2006) . It has been reported that the improvement of function in stroke patients can be achieved 374 either by the upregulation of excitability of the lesioned cortex, or the downregulation of the 375 homologue area in the intact hemisphere (Hummel and Cohen 2006) . Thus, iTBS shows great 376 potential as a potential treatment for spatial neglect following unilateral brain damage. 377 
